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In the initiation phase of bacterial translation,
the 30S ribosomal subunit captures mRNA in
preparation for binding with initiator tRNA. The
purine-rich Shine-Dalgarno (SD) sequence, in
the 50 untranslated region of themRNA, anchors
the 30S subunit near the start codon, via base
pairing with an anti-SD (aSD) sequence at the
30 terminus of 16S rRNA. Here, we present the
3.3 A˚ crystal structure of the Thermus thermo-
philus 30S subunit bound with an mRNA mimic.
The duplex formed by the SD and aSD se-
quences is snugly docked in a ‘‘chamber’’
between the head and platform domains, dem-
onstrating how the 30S subunit captures and
stabilizes the otherwise labile SD helix. This
location of the SD helix is suitable for the place-
ment of the start codon AUG in the immediate
vicinity of the mRNA channel, in agreement
with reported crosslinks between the second
position of the start codon and G1530 of 16S
rRNA.
INTRODUCTION
Translation initiation proceeds through the capture of
mRNA by the 30S ribosomal subunit in bacteria (Gualerzi
et al., 2001). Many mRNAs possess a purine-rich Shine-
Dalgarno (SD) sequence, located several nucleotides
upstream of the start codon (usually AUG) (Shine and Dal-
garno, 1974), which base pairs with a complementary anti-
SD (aSD) sequence at the 30 terminus of 16S rRNA in the
30S subunit (Hui and de Boer, 1987; Jacob et al., 1987;
Steitz and Jakes, 1975). This SD-aSD interaction enables
the empty 30S subunit to bind on its own with the mRNA
(Dontsova et al., 1991; Ringquist et al., 1993; Huttenhofer
and Noller, 1994) and ensures the placement of the start
codon near the ribosomal P site (Calogero et al., 1988).
With the help of translation initiation factors (IF1, IF2,
and IF3) bound to the 30S subunit, a codon-anticodonStructure 15, 28interaction is established with an initiator tRNA at the
P site (Gold and Stormo, 1990; Gualerzi and Pon, 1990;
Laursen et al., 2005). IFs act synergistically to ensure
both the efficiency and accuracy of the process (Weiel
and Hershey, 1982; Wintermeyer and Gualerzi, 1983;
Antoun et al., 2006a, 2006b). The resulting 30S initiation
complex rapidly associates with the 50S subunit to form
the 70S initiation complex, which is then ready to enter
the elongation phase of translation (Gold and Stormo,
1990; Gualerzi and Pon, 1990; Laursen et al., 2005).
The SD sequence is loosely conserved and varies in
length from 3 to 9 nt, thus indicating a wide affinity range
for the aSD sequence (McCarthy and Brimacombe,
1994). It has been suggested that the SD-aSD interaction
prevents the mRNA from forming secondary structures
that would hinder access to the start codon (de Smit
and van Duin, 1994; Studer and Joseph, 2006). The impor-
tance of the availability of the SD sequence is reflected by
the prevalence of mechanisms in which the translation of
a particular mRNA is regulated by the sequestration of
the SD sequence into or liberation from a higher-order
mRNA structure (Voorma, 1996; and references therein).
The mechanism by which the 30S subunit stably captures
mRNAs through the rather weak SD-aSD interaction is un-
known. On the other hand, it is noteworthy that the SD he-
lix must subsequently melt, shortly after the elongation
phase of translation begins. It is therefore intriguing that
the SD helix appears to be stable in initiation and unstable
in elongation.
The 30S subunit can bind the mRNA in the absence of
IFs and the initiator tRNA. On this empty 30S subunit,
a 4-thiouridine present at the second position of the start
codon AUG was crosslinked to G1530 of 16S rRNA, lo-
cated in the vicinity of the mRNA pore. Therefore, the start
codon is not placed at the P site in this mRNA-binding site
(the ‘‘stand-by site’’) (Canonaco et al., 1989; La Teana
et al., 1995; Petrelli et al., 2001). Moreover, the region
downstream of the start codon is not yet accommodated
in the mRNA channel, as also demonstrated by several
biochemical studies (Dontsova et al., 1991; Ringquist
et al., 1993; Huttenhofer and Noller, 1994). On the other
hand, bacterial translation initiation is directly linked to ri-
bosome recycling, and the 30S subunit is provided in the9–297, March 2007 ª2007 Elsevier Ltd All rights reserved 289
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SD Helix Structure on the 30S Ribosomal SubunitIF3-bound form. On the IF3-bound 30S subunit, the region
downstream of the start codon is accommodated in the
mRNA channel; moreover, the start codon is shifted
somewhat toward the P site (Canonaco et al., 1989; La
Teana et al., 1995; Petrelli et al., 2001). The start codon
is further shifted and accommodated in the P site, when
the codon-anticodon interaction is established with the
initiator tRNA recruited by IF2 (La Teana et al., 1995).
The SD helix has been visualized on the 70S ribosome at
5.6 A˚ resolution (Yusupova et al., 2001). Jenner et al.
(2005) solved the crystal structure of the 70S ribosome
in complex with a structured mRNA at 5.5 A˚, which poten-
tially represents the last moment of translation initiation. In
contrast, the SD helix was not observed in the recent crys-
tal structure of the 70S ribosome complexed with mRNA
and tRNAs, solved at 2.8 A˚ resolution (Selmer et al.,
2006). Moreover, although many crystals of the 30S sub-
units in isolation, and in complex with various ligands,
have been solved at high resolutions by X-ray crystallogra-
phy (Schluenzen et al., 2000; Wimberly et al., 2000; Carter
et al., 2001; Ogle et al., 2003), a structural description of
mRNA capture by the 30S subunit in the absence of IFs
has remained elusive. One of the reasons for this is that
the 30 terminus of 16S rRNA, containing the aSD se-
quence, was involved in crystal packing andwas therefore
unavailable for physiological interactions with mRNA. In
the present study, we successfully determined the 30S
subunit structure exhibiting the mRNA capture through
the SD-aSD interaction. The 3.3 A˚ structure revealed
that theSDhelix is protected and stabilized in a ‘‘chamber’’
formed between the head and platform domains of the
30S subunit. Furthermore, this location places the U of
the start codon AUG in the immediate vicinity of the
mRNA pore, substantiating the previous crosslinking ex-
periments (La Teana et al., 1995; Petrelli et al., 2001).
RESULTS
The SD Helix Is Located between the Head
and Platform Domains of the 30S Subunit
The 30S ribosomal subunit from Thermus thermophilus
HB8 was mixed with an oligonucleotide, GAAAGA, for
crystallization with the SD helix. This oligonucleotide cor-
responds to the SD sequences of five mRNAs in the
T. thermophilus HB8 genome (see Experimental Proce-
dures). We determined the 3.3 A˚ crystal structure of this
oligonucleotide complex with the 30S subunit. The extra
electron density observed between the head and platform
domains, on the solvent side of the 30S subunit, is unam-
biguously attributable to an RNA duplex (Figure 1A). One
of the strands connects with 16S rRNA and was assigned
as the aSD sequence. The other strand appeared to be
longer than the hexamer and spanned 10 nt residues.
Therefore, two molecules were modeled in tandem
(Figure 1B). The SD helix appears to be embedded in the
30S subunit (Figure 1C). Actually, the SD helix snugly fits
in a cavity adjacent to the pore of the mRNA channel (Fig-
ures 1B and 1C). Two of the cavity walls are predominantly
composed of 16S rRNA helices, h28 and h37 from the290 Structure 15, 289–297, March 2007 ª2007 Elsevier Ltd All rhead and h23a and h26 from the platform. Ribosomal pro-
teins S7 and S11, from the head and the platform, respec-
tively, contact each other to surround the mRNA pore. On
the opposite side of the cavity, S2 bridges the two do-
mains to form the distal wall, which is close to one end
of the SD helix. S18 is located more distally.
The Chamber Docks the SD Helix
As shown in Figure 2, U1537–C1543 (E. coli numbering is
used throughout the text) of 16S rRNA base pair with the
6 nt residues of the first oligonucleotide (oligo 1) and the
50 end nucleotide residue of the second (oligo 2), forming
the SD helix (Figures 2A and 2B). Notably, the SD helix is
docked in the subcavity defined by several structural fea-
tures of the 30S subunit, which is designated hereafter as
the ‘‘chamber.’’ It should be emphasized that the SD and
aSD bases do not interact with the 30S subunit. The back-
bone of the aSD strand rests on the concave surface of the
minor groove of h26 (Figure 2A). In oligo 2, the 50 end nu-
cleotide residue (G7) is base paired with U1537, but the
following 3 nt residues were unpaired (Figure 2B). A8
and C1536 are located opposite each other, such that
a base pair could be formed if the adenine was replaced
by guanine. Therefore, nucleotides G1–A8 are inside the
chamber, but A9 and A10 are outside (Figure 2A). A9 skips
C1535 and A1534, and its base is positioned such that the
N4 atom is in hydrogen-bonding distance with the N1
atom of C1533. A10 is separate from 16S rRNA, but it con-
tacts the C terminus of S11. The remaining two 30 end nu-
cleotides of oligo 2 were not modeled, due to the apparent
local disorder of the electron density.
The Chamber Boundaries
The distal boundary of the SD helix chamber is defined by
S2 (Figure 2A). The proximal boundary is defined by
G1530–A1531 and the following unpaired nucleotides.
G1530–A1534 do not constitute the ordinary SD helix, as
the E. coli aSD sequence consists of nucleotides
C1535–U1541 (McCarthy and Brimacombe, 1994). More-
over, the 8 and 10 bp SD helices, extended in the 50 direc-
tion to C1533 and A1531, respectively, significantly de-
crease the translational efficiency, thus emphasizing the
importance of having this segment unpaired (Komarova
et al., 2002). G1530 and A1531 are covalently anchored
to h45 of 16S rRNA and thus present a rigid foundation
for the SD helix (Figure 2A). These two nucleotides are
stacked on each other, with their backbones leaning
against h28 from the head domain, and exhibit almost
identical conformations in the various ribosome structures
solved thus far (data not shown) (Wimberly et al., 2000;
Carter et al., 2001; Jenner et al., 2005; Schuwirth et al.,
2005).
The movement of the SD helix in the chamber is re-
stricted by the interactions between the phosphate back-
bone of the aSD strand and the minor groove of h26, and
between the minor-groove surface of the SD helix and
U723. U723 projects from h23a of 16S rRNA and faces
the minor groove of the G7-U1537 base pair and the adja-
cent A8-C1536 mismatch (Figures 2A and 2B). A bulgedights reserved
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SD Helix Structure on the 30S Ribosomal SubunitFigure 1. Location of the SD Helix on the 30S Ribosomal Subunit
(A–C) The rRNA and the ribosomal proteins are colored light blue and pale pink, respectively. (A) Front (subunit interface), side (rotated 145 coun-
terclockwise), and back (solvent) views of the 30S subunit, with the SD helix accommodated in a cavity formed between the head (orange) and plat-
form (green) domains. Oligonucleotides (50-GAAAGA-30) are colored yellow, and the 30 end nucleotides of 16S rRNA from A1534, which were clearly
identified in the present structure, but were disordered in previous structures, are colored dark blue. (B) Stereo enlargement of the boxed region in the
side view of (A). RNA helices from the head (h28 and h37) and platform (h23a and h26) domains are dark orange and dark green, respectively. The
ribosomal proteins surrounding the cavity are colored salmon. (C) Stereo view of the SD helix position on the 30S subunit, which is represented as
a molecular surface.nucleotide, predominantly uridine (92%), at position 723
is strictly conserved, thus highlighting its significance
(Cannone et al., 2002). We describe the current state of
the mRNA visualized in the present structure as ‘‘SDin,’’
as the SD helix is docked in the chamber.
DISCUSSION
ThemRNA Is Captured in the SDin State by the Empty
30S Subunit
When captured by the empty 30S subunit, the mRNA is
placed in the ‘‘stand-by site’’ on the 30S subunit, whereStructure 15, 28the SD-aSD interaction takes place in the absence of IFs
or initiator tRNA (Canonaco et al., 1989; La Teana et al.,
1995). The ‘‘stand-by site’’ was defined based on bio-
chemical experiments; crosslinking was observed be-
tween G1530 and the +2 position of the mRNA (the U of
the start codon AUG, with the A as +1). To envisage the
mRNA capture by the empty 30S subunit, we used our
structure with the SD helix docked in the chamber (the
SDin state) to model an mRNA that contains a 4 nt spacer
between the SD sequence and the start codon AUG, anal-
ogous to that used in the crosslinking experiments
(Figure 3A) (La Teana et al., 1995). Consistently, in our9–297, March 2007 ª2007 Elsevier Ltd All rights reserved 291
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SD Helix Structure on the 30S Ribosomal SubunitFigure 2. Stereo Representations of the SD Helix in the Chamber on the 30S Subunit
(A) Close-up view. U723 andG1530–A1531 are represented inmagenta and cyan, respectively. Other coloring is as in Figure 1A. The chamber defined
by h26, U723, G1530–A1531, and S2 is highlighted with a rectangle.
(B) Detailed view of the SD helix. The 2mFoDFcmap contoured at 1.5s shows unbiased density for the SD helix (not included in the refinement). The
U723 nucleotide (magenta) on h23a of 16S rRNA faces the minor groove near the proximal end of the SD helix. S18 is omitted for clarity.structural model, G1530 and the +2 position of the mRNA
are in close proximity, with the start codon AUG in the vi-
cinity of the mRNA pore, and not at the ribosomal P site.
Therefore, it is the SDin state of the mRNA that was de-
scribed as the ‘‘stand-by site’’ in the earlier studies (La
Teana et al., 1995). Modeling of the downstream region
of the mRNA was not performed, since several lines of ev-
idence indicated that it is not yet accommodated in the
mRNA channel upon binding with the empty 30S subunit
(Dontsova et al., 1991; Ringquist et al., 1993; Huttenhofer
and Noller, 1994; La Teana et al., 1995). It should be noted
that de Smit and van Duin (2003) used the term ‘‘stand-by
site’’ differently, to refer to a single-stranded region of
a structured mRNA for the ribosome to bind in translation
initiation, and Studer and Joseph (2006) have recently cor-
roborated this concept, by using FRET techniques. How-
ever, these results may hold true for only a group of highly292 Structure 15, 289–297, March 2007 ª2007 Elsevier Ltd All rstructured mRNAs, with their start codon and SD se-
quence caught in a stem loop, and may not represent
the most common chain of events in other cases.
In the SDin state, the SD helix is protected and stabilized
by many contacts with the chamber. Therefore, the role of
the chamber is to tightly hold the otherwise unstable SD
helix. The chamber may also act as a molecular ruler, en-
suring that only canonical SD helices of the appropriate
length are allowed to enter the translation initiation path-
way. This is important, since SD helices that are too long
and stable are harder to melt and therefore lead to ineffi-
cient translation initiation (Komarova et al., 2002). In fact,
in the current structural model, the chamber may accom-
modate the extension of the SD helix by a couple of base
pairs toward S2, but allows no further extension (data
not shown). In this way, the chamber may prevent non-
canonical secondary structural elements in mRNAs fromights reserved
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SD Helix Structure on the 30S Ribosomal SubunitFigure 3. Models of an mRNA in the SDin and SDout States on the 30S Subunit, for Comparison with the Crosslinking Data
(A and B) The 8 bp helix is formed by the SD (orange) and aSD (dark gray) strands. (A) Modeling the position of the start codon AUG (green) and the 4 nt
spacer (pale cyan) onto the 30S structure presented here (see Experimental Procedures) reveals that the U (+2 position; red spot) of the AUGwould be
in close proximity to G1530 (cyan). Crosslinking experiments have shown that the +2 position is crosslinked to G1530 when themRNA is bound to the
empty 30S subunit (La Teana et al., 1995). (B) In the programmed 70S structure (PDB ID: 1YL4), the3 nt (red spot) within the spacer region is close to
G1530, and the start codon AUG (green) is far away, at the P site. Crosslinking experiments have shown that the3 position is crosslinked to G1530 in
the ‘‘P-decoding’’ state after reactions with IF1, IF2, IF3, and initiator tRNA (La Teana et al., 1995). U723 and h26 are labeled for reference. The rRNA
and the ribosomal proteins are colored light blue and pale pink, respectively. The nucleotide G926 (violet) is located at the boundary between the P
and E sites. S7 is omitted for clarity.promoting initiation. Additionally, the SDin state may have
a role in the SD helix-mediated unfolding of secondary
structures present in the mRNA (Studer and Joseph,
2006).
The mRNA Adopts the SDout State in the Presence
of IFs and the Initiator tRNA
The start codon should be placed at the P site to interact
with the anticodon of the initiator tRNA, when the 30S ini-
tiation complex is formed. In agreement with this pro-
posal, the addition of both IFs and the initiator tRNA to
the 30S subunit bound with the mRNA, in which the start
codon is positioned in the vicinity of G1530 in the SDin
state, resulted in a crosslink of G1530 to the 3 position,
rather than to the +2 position, of the mRNA, suggesting
a backward (30) shift of the mRNA and the placement of
the start codon within the P site (La Teana et al., 1995).
As a model of the 30S initiation complex, we examined
the 30S subunit from the 70S ribosome complexed
with the structured thrS mRNA, which is supposed to rep-
resent the last moment of translation initiation, after the
IFs have left (Jenner et al., 2005). The location of the SD
helix is similar to that in the structure of the 70S ribosome
complexedwith anmRNA lacking the upstream regulatoryStructure 15, 28element, for which only the backbone atoms were deter-
mined (Yusupova et al., 2001). The 70S structure revealed
that the nucleotide residues in the spacer region between
the SD sequence and the AUG codon are near G1530,
consistent with the observed crosslinking of the 3 posi-
tion to G1530 (Figure 3B) (La Teana et al., 1995). Corre-
spondingly, the SD helix is located completely outside
the chamber (the SDout state) (Figure 3B).
Transition between the SDin and SDout States
Interestingly, the addition of IFs without the initiator tRNA
yielded crosslinks of G1530 to both the +2 and 3 posi-
tions of the mRNA (La Teana et al., 1995), and IF3 alone
caused the same dual crosslinking pattern (Petrelli et al.,
2001). This result indicates the presence of a mixture of
the 30S subunit with the mRNA in the SDin state and that
with the mRNA in the SDout state. In the absence of the ini-
tiator tRNA, therefore, the mRNA may be in a dynamic
equilibrium, or shifting back and forth, between the SDin
and SDout states on the 30S subunit. In this equilibrium,
the initiator tRNA may bind to the P site by recognizing
the start codon when it is relocated into the P site. Other-
wise, the possibility of an intermediate state between the
two states cannot be excluded, although, in such an9–297, March 2007 ª2007 Elsevier Ltd All rights reserved 293
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SD Helix Structure on the 30S Ribosomal SubunitFigure 4. Schematic Model for the Tran-
sition of the mRNA from the SDin State
to the SDout State during Translation
Initiation
Selected components of the 30S subunit are
highlighted, including the three tRNA-binding
sites (A, P, and E); the ribosomal proteins S2,
S11, and S18 (gray); as well as the SD helix
chamber (pink) and the 30 end of 16S rRNA,
which contains the aSD sequence (blue).
U723 and G1530 are depicted as a magenta
star and a red sphere, respectively. When the
SD-containing mRNA binds to the empty 30S
subunit, the SD helix is located in the chamber
(SDin), but the coding region has not com-
pletely entered the mRNA channel. IF3 binding
destabilizes the mRNA channel, so the mRNA
can proceed into the channel and enter an
equilibrium between the SDin and SDout states,
as described in the text. When the IF3-bound
form of the 30S subunit is derived from the re-
cycling phase of translation, the equilibrium
emerges immediately uponmRNAbinding. The
equilibrium is completely shifted when the initi-
ator tRNA is recruited to accomplish thecodon-
anticodon interaction at the P site. The mRNA
shift and the SD helix rotation (arrows) take
place simultaneously. The chamber then re-
leases the SD helix (SDout).intermediate state, it would be difficult for the initiator
tRNA to establish the recognition of the start codon.
When themRNAbinds to the empty 30S subunit, the SD
helix is formed and subsequently docked in the chamber
(the SDin state, Figure 4). In this complex, the downstream
(30) region of the mRNA is not yet located in the mRNA
channel (Dontsova et al., 1991; Ringquist et al., 1993; Hut-
tenhofer and Noller, 1994). IF3 binding brings the mRNA
into a putative equilibrium between the SDin and SDout
states, with the concomitant movement of the coding re-
gion of the mRNA into the mRNA channel, as revealed
by the crosslinking experiments (La Teana et al., 1995;
Petrelli et al., 2001). The bulged U723, which supports
the minor-groove surface of the SD helix, near the proxi-
mal boundary of the chamber, guides the relocation by
acting as the rail on which theminor groove of the SD helix
slides (see Supplemental Data available with this article
online).
On the other hand, the 30S subunit in the IF3-bound
form is derived from the recycling phase of the terminated
70S ribosome (Karimi et al., 1999). In recycling, IF3 binds
to the 30S subunit of the 70S ribosome and disassembles
it into the 30S and 50S subunits. It remains bound to the
30S subunit to reduce the affinity of any tRNA for it,
thereby facilitating the release of the bound mRNA. In
this case, the mRNA immediately adopts either the SDin
or SDout state, or it directly enters the equilibrium between
the two states (Figure 4). It should be emphasized that the
binding of IF3 by itself is not sufficient to place the start294 Structure 15, 289–297, March 2007 ª2007 Elsevier Ltd All rcodon AUG right at the P site (La Teana et al., 1995; Petrelli
et al., 2001). IF3 allows the mRNA to adopt an equilibrium
between the SDin and SDout states. This, in turn, provides
a certain chance for the correct start codon to be dis-
played in the proximity of the P site. Here, the correct co-
don-anticodon interaction with the initiator tRNAwould be
strongly favored, with the help of IF2 bound on the 30S
subunit, over the interaction with elongator tRNAs (Antoun
et al., 2006b). Therefore, a possible reason for the equilib-
rium between the SDin and SDout states is as follows. The
availability of the initiator tRNA can bemonitoredwhen the
mRNA is in the SDout state. If the tRNA is available, then
the mRNA is fully fixed in the SDout state for 30S initiation
complex formation. On the other hand, if the initiator tRNA
is not available, then the otherwise unstable SD helix can
be stabilized again in the chamber. Thus, the initiator tRNA
pushes the equilibrium toward the SDout state. The 30S
initiation complex subsequently interacts with the 50S
subunit to form the 70S initiation complex. Once the elon-
gation phase has started, the SD helix may be exposed to
the solvent and may spontaneously unfold.
During the submission of this manuscript, the structures
of 70S ribosomes containing SD helices, with resolutions
ranging between 4.5 and 6.5 A˚, were reported (Yusupova
et al., 2006). In the 70S ‘‘initiation complex’’ (PDB ID:
2HGP), in which the start codon interacts with the antico-
don of the initiator tRNA at the P site, the SD helix is super-
posable on that of the 70S ribosome complexed with the
structured thrS mRNA (PDB ID: 1YL4) (Jenner et al.,ights reserved
Structure
SD Helix Structure on the 30S Ribosomal Subunit2005), and the mRNA is therefore in the SDout state. They
also solved the structure of the 70S ribosome bound with
a 60-mer mRNA containing the SD sequence flanked by
polyuridines, as well as three tRNA molecules at the A,
P, and E sites. This complex was interpreted to represent
the 70S ribosome in the ‘‘postinitiation state,’’ when the
first one or two codons have been translated but the
SD-aSD interaction is still present. Notably, the mRNA in
this 70S complex is indeed in the SDin state, in that the
SD helix is docked in the chamber, according to our defi-
nition. In addition, they found that the mRNA was also in
the SDin state in the absence of tRNA at the A or P site,
in the crystal structure of the 70S ribosome containing
a nonamer SD sequence. Thus, they predicted that the
SDin state may exist in an earlier stage of translation
initiation.
In the present study, we demonstrated that the SDin
state of the mRNA can actually exist on the 30S subunit,
a natural binder of the mRNA, in the absence of the 50S
subunit. Furthermore, the high resolution obtained for
our structure provides an accurate description of the SD
helix in the chamber. Thus, the two studies complement
each other to provide a clear picture of the mRNA transi-
tion between the SDin and SDout states during translation
initiation. Likewise, it is possible that the SDin-SDout tran-
sition is involved in mRNA relocation for the frameshift,
when an elongation slowdown, due to a downstream ele-
ment or a rare codon at the A site, allows duplex formation
between the aSD sequence and an SD-like sequence in
the coding region (Baranov et al., 2006).
EXPERIMENTAL PROCEDURES
Preparation and Crystallization
T. thermophilus 30S ribosomal subunits were prepared as described
(Sharma et al., 2005). The crystallization (Schluenzen et al., 2000)
was performed in the presence of a 4-fold excess of RNA. We made
a number of attempts to crystallize the 30S ribosomal subunit in the
presence of several purine-rich oligonucleotides (see below). Crystals
with sufficient size and quality were obtained in drops including the
50-GAAAGA-30 oligonucleotide, which exists upstream of several
open reading frames in the T. thermophilus HB8 genome (TTHA
0060, TTHA0175, TTHA0605, TTHA0643, and TTHA1649; Genome
Project ID: 13202). Crystals were grown by the vapor diffusion method
within 4 weeks to a maximum size of 80 3 100 3 300 mm. They were
then transferred to a stabilizing solution containing 10 mM of the RNA
oligonucleotide and 100 mM kasugamycin (Sigma) and were frozen in
liquid nitrogen.
Oligonucleotide Design
The SD sequence has been proposed as 50-GGAGGU-30, according to
the consensus sequence upstreamof the start codon of phagemRNAs
(Shine and Dalgarno, 1974). A subsequent compilation of 1055 ribo-
some-binding sites from E. coli genes revealed a striking frequency
of purines in positions 7 to 12 (Rudd and Schneider, 1992). The
consensus sequence is 50-AAGGAGGU-30 in positions 5 to 12,
and it is complementary to the nucleotides starting from position
1534, before the 30 end of the 16S rRNA. The corresponding region
of T. thermophilus HB8 16S rRNA is 50-ACCUCCUUUCU-30 (GI:
155076) (Hartmann and Erdmann, 1989). Therefore, we designed pu-
rine-rich oligonucleotides for crystallization that could potentially
base pair with the aSD sequence to facilitate the formation of the SD
helix prior to crystal packing. The oligonucleotide sequences (from 50Structure 15, 289to 30) are AGAAAG, GAAAGA, AGGAGG, AAGGAGGU, and GAAAG
GAGG (Dharmacon, USA).
Data Collection
Diffraction data were collected by using ten crystals at the X06SA
beamline in the Swiss Light Source (Villigen, Switzerland). The data
were processed with the XDS (Kabsch, 1993) and CCP4 (CCP4,
1994) program packages.
Structure Determination
The model used to calculate the phases was derived from the native
structure of the 30S subunit crystallized in the absence of oligonucleo-
tide (unpublished data). The initial model was subjected to rigid-body
refinement, as implemented in CNS (Brunger et al., 1998). For the
calculation of Rfree, 5% of the data were omitted during refinement.
The position of the SD helix was determined from sA-weighted
2mFo  DFc difference maps, followed by density modification and
phase combination, as described (Diaconu et al., 2005). The SD-aSD
interactionwas not used during the early stage of refinement. The initial
model of the SD helix was derived from the crystal structure of an RNA
dodecamer containing the E. coli SD sequence (PDB ID: 1SDR)
(Schindelin et al., 1995) and a duplex in the 30S subunit structure con-
sisting of similar sequences (UUGGUGGG: 252–259 and CCCACCAA:
267–274). Kasugamycin was neither modeled nor used during the re-
finement of the structure. Further refinement was carried out by using
CNS (Brunger et al., 1998) (see Table 1).
Modeling
Modeling of the mRNA in Figure 3A was performed as follows. First,
a duplex, consisting of a single-stranded region of the 16S rRNA
(1531–1536) with 3 nt unpaired at the 30 end of the opposite strand,
was constructed by using the program NAB (Macke and Case,
1998), as implemented in the make-na server (http://structure.usc.
edu/make-na/server.html), and was connected with the SD helix in
the present structure. Second, nucleotides A1532–A1534 of the mod-
eled SD helix were separated from the opposite strand and connected
Table 1. Summary of Crystallographic Data
Crystal Information
Space group P41212
Unit cell parameters (A˚) a, b = 411.79, c = 173.16
Diffraction Data Statisticsa
Resolution (A˚) 148.83–3.30
Rmerge (%) 16.2 (75.5)
<I>/<s(I)> 7.5 (2.5)
Number of reflections 139,0374 (190,787)
Unique reflections 214,963 (30,666)
Redundancy 6.5 (6.2)
Completeness (%) 97.1 (95.2)
Refinement Statisticsb
Rwork (%) 25.9
Rfree (%) 30.1
Rmsd bonds (A˚) 0.012
Rmsd angles () 1.600
a Values in parentheses are for the highest-resolution shell.
b Refinement was carried out against all observed structure
factor amplitudes, with a random 5% omitted and used for
calculation of Rfree.–297, March 2007 ª2007 Elsevier Ltd All rights reserved 295
Structure
SD Helix Structure on the 30S Ribosomal Subunitto G1531. The A form conformations of the 3 unpaired nt of the mod-
eled SD helix were relaxed, to prevent clashing with the 30S subunit.
One base pair at the distal end from the modeled SD helix was re-
moved, leaving 8 remaining bp.
Supplemental Data
Supplemental Data include amovie that shows a possible relocation of
the SD helix during translation initiation and are available at http://
www.structure.org/cgi/content/full/15/3/289/DC1/.
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